insertions occur proximal to DNA DSBs. The ability of target sites by recognizing a specific sequence, a seTn7 to transpose into a structure or complex associated quence-independent structure, or a protein-DNA comwith DSBs could help Tn7 avoid essential genes when plex. The bacterial transposon Tn7 is of particular intermoving though cell populations. est in the area of target site selection because it has multiple pathways of insertion (Craig, 1995). We deResults scribe here that Tn7, in addition to having a pathway that recognizes a specific sequence, also has a target Tn7 Transposes Preferentially Where DNA recognition pathway that responds to a structure or Replication Terminates complex found where chromosomal DNA replication terThe position of Tn7 insertions that occurred via the minates and around the site of DNA double-strand TnsABCϩE pathway into the chromosome of E. coli was breaks (DSBs). lar E. coli chromosome in a region where chromosomal
Figure 1. The Location of Tn7 Insertions in the E. coli Chromosome that Occurred via the TnsABCϩE Pathway
Transposon insertion events were isolated from the strain NLC51 pCW15 (TnsABC) pJP104 (TnsE) where miniTn7 was introduced via a defective lambda phage (see Experimental Procedures). Three of the insertions were isolated and mapped in a previous work (Kubo and Craig, 1990 ). Tick marks indicate 10 min increments on the 100 min E. coli chromosome, the 0/100 min position is marked. One minute is approximately 45 kilobase pairs. The minute position of miniTn7 insertions (arrows) and terA-terJ sites (triangles) are indicated. Placement of the arrow outside the circle indicates the miniTn7 inserted in a clockwise right-to-left orientation, placement inside indicates counter-clockwise. The orientation of the triangles indicates the orientation of the ter site. Replisomes encountering the flat side of the triangle first are stopped, while replisomes approaching from the pointed side will pass through the terminator.
replication terminates (Figure 1) . In E. coli, chromosomal encompasses 6% of the chromosome. The segments replication initiates bidirectionally at oriC and terminates adjacent to region 8 where the terD and terB sites reside at a series of ten termination sites (terA-terJ) that halt were also preferred for TnsABCϩE transposition (rereplisomes approaching in one orientation (Hill, 1996;  gions 7 and 9 in Figures 3 and 4A). Insertions also ocCoskun-Ari and Hill, 1997) (Figure 1 ). Over a third of the curred outside the ter site-containing regions. The inserTn7 insertions were strikingly close, within 6 kb, of ter tion profile obtained with restriction fragment mapping sites; terC had four within 4 kb, terA had one 1 kb away, was consistent with results obtained when insertions and terI had one 6 kb away. Transposition events around were mapped by sequence (compare Figures 1 and 4A ). terC were particularly focused where insertions occurred 23, 144, 541, and 3102 bp from the ter consensus sequence at terC (Coskun-Ari and Hill, 1997). We could not identify any common DNA sequence when a 100 bp window surrounding the individual Tn7 insertion sites was examined.
To more thoroughly analyze Tn7's chromosomal insertion preference, a mapping technique was utilized where insertions were mapped to one of the 21 chromosomal NotI restriction fragments (Figure 2 ). The NotI restriction map can be elucidated given the sequence of the E. coli strain MG1655 and previous restriction analysis of the bacterial strain used in this study, MC4100 ; Blattner et al., 1997) (see Experimental Procedures). The location of Tn7 insertions in various isolates was determined by separating NotI digested chromosomes by pulsed field agarose gel electrophoresis (PFGE) and probing with sequences specific to the transposon in Southern blots. To simplify the comparison, the fragments were grouped into 14 regions of at least ‫002ف‬kb (Figure 3 ). To compensate for the difference in size between the regions 1-14, the insertion data is plotted as insertions per 100 kb ( Figures  4A-4C) . In cases where insertions occurred into NotI fragments that were too close in size to differentiate the location of the insertion, an SfiI digest was used in taining the ter sites terC and terA, a region that only The distribution of insertions is significantly different than would be expected for a random distribution (p Ͻ 0.01).
TnsE Is Required to Direct Insertions into the Terminus Region
The experiment above indicated that a significant frac- we isolated insertions generated by a core transposition (Figure 4B ), it also did not match the distribution found in the Tus ϩ background ( Figure  4A ). For example, in the Tus ϩ background, 40% (14/35) of the insertions occurred into the fragment containing terC and terA, while in the Tus Ϫ background, only 14% (5/36) of the insertions occurred into this fragment, which encompasses 6% of the chromosome. An attractive explanation is that Tn7 continues to insert where chromosomal replication terminates in the Tus Ϫ strain background, but termination is no longer confined to a small region of the E. coli chromosome. A striking observation was made when transposition events stimulated by DSBs at 60.7 min were sequenced.
A System to Test If the TnsABCϩE Transposition
In the Absence of DNA Double-Strand Breaks, Lac ؉ Papillae Largely Result from Events Transposition events were directed proximal to the site of the DSB, a region not previously used for TnsE-depenIndependent of Tn7 Transposition A low level of Lac ϩ papillae was found in all strain backdent transposition (compare Figure 6A with Figure 1) . In 64% (7/11) of the Lac ϩ papillae, insertion events ocgrounds ( Figure 5 ). The background frequency of Lac ϩ papillae was similar in cells containing TnsABC alone curred over a region within 150 kb of the DSB. In 27% and in cells containing TnsABCϩE without the induction indicate that either TnsE recognizes DSBs directly or some component of the DSB repair process. of DSBs, suggesting that the same process was involved in producing these papillae. This was not an unexpected It is unclear why inducing DSBs at different locations in the chromosome results in modest differences in stimresult, given that the TnsABCϩE vector used in the papillation assay produces a very low amount of TnsE, and ulating Tn7 transposition and attracting transposition events (Figures 5 and 6) . Differences between DSB sites that the frequency of TnsE-dependent transposition is greatly effected by the level of TnsE expression (data could possibly be explained by differences in the efficiency of DSB formation or differences in the proficiency not shown).
To investigate the process that gave rise to the backof DSB repair at different locations. would have to explain why insertions are stimulated to occur over a region many kilobases from the site of Discussion the DSB. One explanation for the wide distribution of insertions around the DSB site could be that the genetic We report that the bacterial transposon Tn7 will preferlocation of the DSB moves as exonucleases degrade entially transpose into the region of the chromosome from the initial DSB site. For example, the RecBCD heliwhere DNA replication terminates. Although the insercase/exonuclease associated with the repair of DSBs tions are distributed over a relatively large region of the is a highly processive enzyme capable of unwinding chromosome, over a third of the insertion events are Ͼ30 kb per binding event, which would degrade DNA close to ter sites, strongly suggesting the involvement from the point of the DSB (Kowalczykowski et al., 1994) . of a termination-related event (Figure 1) . When DSBs While the nuclease activity of the RecBCD enzyme is were induced in the chromosome, TnsE-dependent inactivated at chi sites found frequently in the chromotransposition was stimulated and insertions occurred some, chi sites are not always recognized, which could proximal to the DSBs (Figures 5 and 6 ). Given that DSBs allow the enzyme to travel great distances before inactiare associated with the termination of DNA replication, vation (Kowalczykowski et al., 1994). a reasonable interpretation of the data is that TnsE might A second possibility holds that the wide distribution recognize ter sites by DSBs associated with termination of insertions around the double-strand break could indiof DNA replication.
cate that a very large structure or complex associated with the repair of DSBs is the actual target recognized by TnsE.
Tn7 Inserts Proximal to DNA Double-Strand Breaks
We found that inducing DSBs stimulated Tn7 transposi-A third possibility that could explain the distribution of transposition events around the DSB could involve tion, and the resulting transposition events were attracted proximal to the DSB (Figures 5 and 6 , that does not require a target site et al., 1994). Conversely, the chromosome that received selecting protein (Stellwagen and Craig, 1997). We found the DSB and provided the signal for Tn7 insertion may that the TnsABC A225V transposition events occurred be lost while the transposition is directed into a sister throughout the chromosome, not specifically into the chromosome. For example, if a D-loop structure was ter region ( Figure 4B) . recognized by TnsE, the broken chromosome could form Our results indicate that Tn7 targeting does not rethe invading strand and be lost while insertions are diquire a direct interaction between the Tus-ter complex rected into the sister chromosome. Future work conand TnsE, because Tus is not required for TnsE-directed cerning Tn7 transposition mediated by the TnsABCϩE insertion. While Tus-mediated termination is not reproteins could provide information concerning RecAquired for TnsE-dependent transposition, the profile of independent modes of DSB repair in E. coli. Figures 1 and 6B) , a ments where replication forks were halted by shifting a terminator which was only identified by its DNA setemperature-sensitive helicase mutant to the restrictive quence and not by its function at its position in the temperature, chromosomal DSBs were found to occur chromosome (Coskun-Ari and Hill, 1997). The results (Michel et al., 1997) . It therefore appears likely that DSBs found here suggest that terI may indeed be used to occur when the DnaB helicase is halted at ter sites.
Tn7 insertions does change in Tus
terminate DNA replication. One of the most intriguing As noted above, TnsABCϩE transposition is attracted observations concerning the termination of bacterial adjacent to DSBs, possibly by recognizing complexes DNA replication is the total dispensability of the process involved in the repair of DSBs. Therefore, Tn7 may recwithout any apparent effect on cell fitness (Hill, 1996) . ognize the replication terminus region by DSBs associIt is worth noting that the effect on TnsABCϩE insertion ated with the termination of DNA replication. It remains found with Tus Ϫ cells is one of the few discrete phenoformally possible that something common to both DSBs types associated with the Tus Ϫ allele. and the termination of DNA replication is the actual target for TnsABCϩE transposition.
One 
